Compared to humans, non-human primates have very little control over their vocal production. Nonetheless, some primates produce various call combinations, which may partially offset their lack of acoustic flexibility. A relevant example is male Campbell's monkeys (Cercopithecus campbelli), which give one call type ('Krak') to leopards, while the suffixed version of the same call stem ('Krak-oo') is given to unspecific danger. To test whether recipients attend to this suffixation pattern, we carried out a playback experiment in which we broadcast naturally and artificially modified suffixed and unsuffixed 'Krak' calls of male Campbell's monkeys to 42 wild groups of Diana monkeys (Cercopithecus diana diana). The two species form mixed-species groups and respond to each other's vocalizations. We analysed the vocal response of male and female Diana monkeys and overall found significantly stronger vocal responses to unsuffixed (leopard) than suffixed (unspecific danger) calls. Although the acoustic structure of the 'Krak' stem of the calls has some additional effects, subject responses were mainly determined by the presence or the absence of the suffix. This study indicates that suffixation is an evolved function in primate communication in contexts where adaptive responses are particularly important.
Introduction
Research on primate vocal behaviour continues to show surprising levels of complexity, both at the production and comprehension levels [1] . The predation context has been a particularly rewarding source for new findings, probably because individuals are under strong selective pressure to use communication signals efficiently to protect genetic relatives and other valuable group members [2] [3] [4] . In some species, natural selection has favoured the evolution of acoustically distinct alarm calls with call variants related to the type of predator, the degree of threat or the appropriate anti-predator behaviour. Evidence is not restricted to primates but also includes a range of other taxa, including birds [5] [6] [7] , non-primate mammals ( prairie dogs (Cynomys gunnisoni) [8] , suricates [9] ) and non-human primates (lemurs (Lemur catta) [10] , Old World monkeys (Cercopithecoidae) [11 -14] , New World monkeys (Platyrrhini) [15] [16] [17] [18] , apes (Hominoidea) [19] ). Although these findings have been interpreted in terms of potential parallels to human language, animal alarm call systems usually lack flexibility, arbitrariness in acoustic structure and generativity, indicating profound differences between animal communication and human language [20 -22] . Instead, animal communication tends to be very limited in the amount of acoustic variation available to the signaller to interact with others.
However, recent research has shown that there is another level of complexity in animal communication, in that some species combine basic acoustic units into more complex vocal structures. Such combinatorial abilities may have evolved in some species to partially offset their lack of flexibility in generating acoustic variation. Many bird and some mammal species have been observed to combine vocal units to produce more complex sequences [23] [24] [25] , which in primates has been associated with differences in 'meanings' [26] [27] [28] [29] [30] . A particularly interesting example is the Campbell's monkeys' (Cercopithecus campbelli) alarm call system. Here, adult males have a repertoire of three basic alarm calls ('Krak', 'Hok', 'Wak'), which have been termed 'call stems', each of which can occur with an acoustically invariable 'suffix' ('oo') [31] . Here, we use the term 'suffixation' to refer to this phenomenon: the act of adding an acoustically invariable component to different call stems. In previous research, we have found that suffixation appears to broaden the call's 'meaning' by, for example, transforming highly specific alarm calls ('Krak'), mainly given to leopards, to general alert calls ('Krak-oo'), given to a wide range of events, including falling branches, interactions with neighbouring groups and other general disturbances [14, 29, 32] .
The goal of this study is to test the 'suffixation' hypothesis experimentally, by testing whether the presence or the absence of the suffix 'oo' in Campbell's monkey calls causes relevant differences in behavioural responses. To this end, we focused on the recipients by carrying out playback experiments with Diana monkeys (Cercopithecus diana diana). Diana and Campbell's monkeys regularly form mixed-species associations [33] , coordinate their travel directions and attend to each other's alarm calls [12, [34] [35] [36] . Although testing other Campbell's monkey groups would have been the obvious choice, we opted for testing Diana monkeys, mainly to avoid confounding effects of territorial behaviour. For example, it is likely that playing back Campbell's monkey calls triggered hostile responses towards the presumed intruder rather than quantifiable responses to the subtle acoustic differences generated by suffixation [14, 33] .
We created playback stimuli that consisted of natural 'Krak' and 'Krak-oo' calls and the corresponding artificially altered calls, i.e. natural 'Krak-oo' calls with the 'oo' suffix deleted (artificial 'Krak' calls) and natural 'Krak' calls with an 'oo' suffix added (artificial 'Krak-oo' calls). We chose this design to rule out the possibility that there are subtle acoustic variations within the 'Krak' stem, depending on whether it was produced on its own or as part of a 'Krak-oo'. All calls were recorded from local male Campbell's monkeys. We predicted that if suffixation is communicatively relevant, then other monkeys should react according to the presence or the absence of the suffix, regardless of the origin of the call stem. In particular, we predicted that the animals would give more alarm calls and fewer affiliative calls to playbacks of natural and artificially edited 'Krak' calls than to playbacks of natural and artificially edited 'Krak-oo' calls.
Results (a) Call rates
We tested 42 different groups of Diana monkeys with the four different playback conditions, i.e. natural 'Krak' (N ¼ 11), natural 'Krak-oo' (N ¼ 12), artificial 'Krak' (N ¼ 9) and artificial 'Krak-oo' (N ¼ 10). We analysed the number of calls given by Diana monkeys after each playback using a Generalised Linear Mixed Model (GLMM, model 1). As predicted, male Diana monkeys gave significantly more alarm calls after hearing 'Krak' calls (natural or artificial) than 'Krak-oo' calls (natural or artificial; figure 1), while the acoustic structure of the 'Krak' stem had no significant impact (table 1) . Diana monkey females gave more alarm calls and fewer social calls after hearing 'Krak' than 'Krak-oo' calls (natural or artificial; figure 1 ), but we also found that the acoustic structure of the 'Krak' stem had an additional impact. We thus carried out two more GLMMs (models 2 and 3) and compared the corrected Akaike Information Criterion (AICc) values obtained for the two models. The difference between AICc values was greater than 2 for all variables, and the lower AICc value was obtained systematically if the model included 'suffix' as the only fixed factor (table 1). This indicates that the presence of the suffix was the main factor to explain female call rates (see §4e for more details).
(b) Calling durations
We compared the duration of the males' alarm calling and the rest of the groups' alert calling across conditions using Linear Mixed Models (LMMs). As predicted, playbacks of 'Krak' calls elicited longer responses in both measures than 'Krak-oo' calls, regardless of whether they were natural or artificial ( figure 1) . In our models, male alarm call duration was significantly explained by the presence of the suffix alone, while the groups' alert call duration was explained by both suffixation and the structure of the 'Krak' stem (table 1) . As before, we compared two more LMM models (models 2 and 3). Again, the difference between their AICcs was more than 2, which showed that the model with the lower AICc-corresponding to the third model (with suffixation only)-contained the factor having the main impact on the monkeys' behaviour. This hence indicated that the presence of suffix was the main factor to drive alert duration (table 1).
(c) Latencies to first calls
Finally, we analysed the males' and the groups' latencies to give first calls (figure 1h,i). Here again, suffixation was the only significant factor to explain the males' latency to call, but for the groups' latencies to call, we found no significant effects (table 1).
Discussion
With this study, we demonstrated experimentally that suffixation is a salient acoustic feature in Campbell's monkey vocal communication. As predicted, Diana monkeys reacted more strongly to 'Krak' calls (usually indicating leopard presence) than to 'Krak-oo' calls (indicating a general threat). Diana monkeys consistently produced more alarm and fewer social calls, gave their first call earlier, called and remained vigilant for longer after hearing unsuffixed -'Krak'-calls (natural or artificial) than suffixed -'Krak-oo'-calls (natural or artificial, figure 1 ). Overall, the presence or the absence of the suffix was the only parameter that had a systematic and sustained effect on Diana monkey responses, suggesting that the 'oo' suffix is communicatively relevant in that 'Krak-oo' calls are a combination of a 'Krak' stem with an 'oo' suffix.
These findings are novel because previous animal communication studies have only reported combinatorial abilities at the sequence level. Although there are a few examples of combinatorial phenomena at the call unit level [37, 38] we are not aware of any study that has investigated experimentally whether this is communicatively relevant to recipients [39] . The only comparable studies with non-human primates have focused on discrimination and categorization abilities of rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150265 grammatical rules in human speech or artificial grammars [40] [41] [42] , but never as part of the animals' own natural communication systems. Our study thus demonstrates experimentally that suffixation can be communicatively relevant in the natural vocal communication of free-ranging, untrained animals in biologically relevant contexts.
Reactions to natural and artificial 'Krak' calls were more similar to each other than reactions to natural and artificial 'Krak-oo' calls, perhaps because artificially adding 'oo' parts to existing 'Krak' calls was technically more challenging than deleting the 'oo' from 'Krak-oo' calls. This may have led to less naturally sounding stimuli for artificial 'Krak-oo' than 'Krak' calls, a difference that may have been perceived by the Diana monkeys. Although suffixation had the strongest effect on the monkeys' behaviour, the acoustic structure of the 'Krak' stem (i.e. whether playback stimuli were created from natural 'Kraks' or natural 'Krak-oo' calls) also had a significant impact on some female response variables (table 1) . It is also clear that the presence of a leopard (a reliable trigger of male 'Krak' calls) represents a different psychological experience from hearing the sounds of a falling tree (a reliable trigger of male 'Krak-oo' calls). These differences in perceived danger and urgency appear to have left acoustic traces in the calls' structure, a mechanism suggested by several authors [31, 43, 44] . Our results demonstrate that Diana monkeys perceived these subtle acoustic differences in the 'Krak' stem, although they relied more on the presence or the absence of the suffix in their responses ( figure 1) .
How exactly such findings should be interpreted, especially what types of internal states are involved in callers and recipients, is the topic of an ongoing debate [45] [46] [47] [48] [49] [50] [51] . Some authors prefer to invoke notions related to human-like emotions, group -alert duration group -latency to call male -latency to call group -RA calls male -total no. calls group -Alk + RAlk calls group -W + RW calls male -bout duration group -HLA calls 
The number of calls given, respectively, by the male (a) and by the group with (b) 'Alk' alarm call units, given alone and combined with an R unit, (c) 'W' alarm call units, given alone and combined with an R unit, (d) number of 'RA' alert calls given (combination of 'R' and 'A' call units) and (e) sum of three positive social call units and combinations between them (i.e. H, L, A call units and HA and LA calls). Plots (f) and (g) show the duration of alarm, respectively, for the male (f) and the group (g). Finally, (h) and (i) show latency to give first call, respectively, for the male (h) and the group (i).
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while others offer more cognitive interpretations. For example, one prominent theory proposes that the calls' acoustic structure directly affects recipient arousal, without much intervening processing [52] . Another view is that monkeys form associations between acoustic structures and the corresponding external events that trigger them, to the effect that acoustic structures become carriers of meaning [53] . A third view is that animals interpret acoustic information in relation to the current context, which is based on evidence that the same calls can trigger different reactions depending on the current context [54, 55] . We are not able to contribute much to this discussion with our current data. On the one hand, previous studies with Campbell's monkeys have shown a direct correlation between acoustic structure and the external events that triggered them, as well as adequate recipient responses to experimentally presented exemplars of calls [14, 31, 32, 56] in line with a 'semantic' interpretation. On the other hand, some of the Campbell's monkey calls may contain specific acoustic features that have a direct impact on the recipients' nervous systems, as proposed by Owren & Rendall [52] . For instance, sharp onsets in alarm calls may enhance levels of internal arousal and thus trigger movement. In our case, this is a less likely explanation because although both 'Krak' and 'Krak-oo' calls share the sharp onset, only 'Krak' calls elicited strong behavioural reactions. In another study, 'boom' calls (a natural indicator of non-predatory contexts) were artificially added to Campbell's monkey alarm calls, which also had a significant effect on behavioural responses [14, 26] . Nevertheless, what internal states, if any, are causally responsible for mediating between calls and reactions will need to be investigated by other, more targeted research.
This experiment also provides further evidence for complex interspecific communication, with Diana monkeys demonstrating surprising discriminative skills when exposed to the calls of another species. We consider it likely that similar interspecific communicative abilities are also present in other species, in line with the idea that polyspecific primate groups are more than mere assemblies of different groups to avoid predators but instead form supra-social organizations with animals interacting with each other on a daily basis as individuals [33, 57] . So far, interspecific communication has been largely found in the predation context, in some cases between predator and prey. For example, Diana monkeys also distinguish between some of the calls of one of their predators, the chimpanzees [58] , between the different alarm call types produced by sympatric putty-nosed monkeys [36] or between the alarm calls of different species of guinea fowl [54] . These perception abilities are most probably a consequence of the frequent associations of Diana monkeys with other primate species and observing predator-prey interactions in other species, suggesting that similar abilities exist in other primates.
Finally, the suffixation mechanism described here is unlikely to be an isolated phenomenon in primate communication. Related work on female Diana monkeys' vocal communication has shown that the contact calls of adult females also consist of acoustically distinct elements that are combined in structured ways with probable effects on the information they may convey [37, 59] . In other work, female Campbell's monkeys were found to combine two social call units to convey information associated with arousal [44] and social bonds (affiliated females produce a second unit with similar frequency modulation shapes) [60] . In red-capped mangabeys (Cercocebus torquatus), both sexes produce context-specific combinations of call units in sex-specific ways, while contextually similar call types are produced in sequences, with length and complexity depending on the vocal activity of other group members [61] . Although these phenomena require more rigorous experimental testing, they suggest that affixation is a widely present feature of nonhuman primates' communication. The more general hypothesis is that vocal complexity (as seen in combinatorial systems) is the evolutionary outcome of social complexity [61] [62] [63] [64] [65] , suggesting that similar phenomena should be found in other species with complex social demands, notably some of the great ape species. Further research is needed to get a deeper understanding of these combinatorial mechanisms within different primate calls. For Campbell's monkeys, the observed vocal combinations effectively enlarge their vocal repertoire, despite these animals' limited articulatory control. Future research will have to focus on the differences in perceived meaning of the other combinations that have been found in natural communication, notably between 'Hok' and 'Hok-oo' and between 'Wak' and 'Wak-oo' calls, to determine whether suffixation consistently changes relatively specific messages to more general ones, as suggested by Ouattara et al. [13] . Findings will be of interest because they suggest that basic features of human speech, such as duality of patterning [66] , can evolve independently in species that are not so closely related to humans.
Material and methods (a) Study site and subjects
Field experiments were conducted between May and July 2013 in Taï National Park, Ivory Coast, the largest preserved tropical rainforest in West Africa. The experimenter (C. Coye) and her field assistant conducted playback tests on unhabituated freeranging groups of Diana monkeys, living in a roughly 50 km 2 area surrounding the C.R.E station (Centre de recherche en écologie, 5850 0 N, 7821 0 W). Diana and Campbell's monkeys are arboreal forest primates that live in small groups of one adult male and several adult females (Diana: 7 -13, Campbell: 4-7) with their offspring. The density is about 2.5 groups per km 2 ; with home ranges of about 56.0 ha around the research station [33] . Although illegal, hunting has drastically decimated the population in other areas of the park. Diana and Campbell's monkeys form polyspecific associations on a daily basis, also with other sympatric primates [33] . Both male and female vocal repertoires are well described for both species [13, 14, 37, 64, 67] .
(b) Playback stimuli
Structure of alarm calls may vary depending on the origin and identity of the caller [55, 68, 69] so we only used recordings from identified male Campbell's monkey from the general study area. Playback stimuli were edited from recordings made by K. Ouattara from two free-ranging Campbell's males in Taï National Park, using RAVEN PRO 1.5, and were selected on the basis of recording quality, from a dataset classified by acoustic analysis for a previous study [32] . Playback stimuli consisted of vocal sequences of 1 min (58.8 + 0.95 s; mean + s.e.) with intercall durations of 3 s, reflecting the natural structure of vocal sequences in this species [29, 69] . Each male contributed with one sequence per playback category, resulting in a total of eight sequences two natural 'Krak' call sequences, two natural 'Krakoo' call sequences, two artificial 'Krak' call sequences (natural 'Krak-oo' from which the 'oo' suffix was deleted) and two artificial 'Krak-oo' call sequences (natural 'Krak' calls with an 'oo' suffix each added; figure 2). To ensure that subjects' reactions are due to the presence or the absence of the 'oo' suffix, we created sequences by adding (artificial 'Krak-oo' sequences) or deleting (artificial 'Krak' sequences) 'oo' parts to the calls used to create the sequences of natural stimuli. All 'oo' suffixes added came from natural 'Krak-oo' calls from the same males. The calls were processed with a low-pass filter to remove high-frequency background noise (above 16 kHz, above the frequency range of the male calls, figure 2 ). Calls were amplified to obtain a naturalistic intensity of around 90 db at 1 m from the speaker.
(c) Experimental protocol
Thirteen trials were conducted in a random order for each stimulus category, with never more than four trials per day. None of the Diana monkey groups studied were habituated to human presence and the exact locations of their home ranges were unknown. To avoid retesting the same groups twice in short rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20150265 succession, the GPS position was recorded using a Garmin map-62 after each trial, and we subsequently did not test any Diana monkey group in an area of 1 km 2 (twice the average home range size) around the location of the experiment for at least one month. Each stimulus category was never played more than once at the same location.
For each trial, the experimenters searched for a Diana monkey group by listening for their contact calls. The playback and recording equipment were then silently positioned at 1.7 m above ground, 25 -50 m away from the group, ensuring that the monkeys remained unaware of the experimenters' presence. Unhabituated Diana monkeys produce alarm calls to humans and sometimes approach and stare at observers, so detection is easily recognized. Playback stimuli were broadcast with a Philips GoGear Vibe player connected to a Nagra DSM speaker/amplifier and a Bose 151 Environmental speaker. Recording equipment consisted of a Sennheiser K6/ME66 directional microphone and a Marantz PMD660 solid-state recorder (sampling rate 44.1 kHz, resolution 16 bits, WAV sound format). Before each stimulus presentation, the experimenters waited at least 15 min to ensure that the male had not produced any loud calls and that the group had not noticed our presence, otherwise the trial was discarded.
(d) Dependent variables
The vocal response of the study group was recorded and analysed for both the adult male and the females with their offspring. Diana monkeys show strong sexual dimorphism in vocal behaviour; the calls of the adult males are very different from calls given by the females and immature group members [67] . Hence, we analysed separately male alarm calls-taking into account the total call bout given-and the group's call rates. The latter were analysed for 5 min following the start of each playback since previous work has shown that, after this time, individuals have usually returned to their baseline call rates, regardless of stimulus type [34] .
We counted the total number of alarm calls given by the adult male, and the total number of calls given by the group, classified as four 'social' call units (H, L, R, A) and two 'alarm' call units (Alk, W) [37] (see the figure showing vocal repertoire of female Diana monkeys in the electronic supplementary material). Female alarm call units are given only to disturbances but never in peaceful contexts (C. Coye 2013, unpublished data). The six basic call units can be combined into five combined call types (HA and LA social positive calls, RA alert calls, RAlk and RW alarm calls) [37] . 'Social' call units are part of calls given in affiliative and peaceful situations (H, L, A). To obtain reasonable sample sizes while respecting biological saliency, we discriminated the following call types and units: Alk call units combined or not to an R call (hence forming the 'Alk þ RAlk' alarm group), W call units combined or not to an R call ('W þ RW' alarm group), R and RA alert calls (lumped together under the name RA in this analysis) and lumped all social calls (H, L, A and combinations between them) into one group, which led to the following sample sizes: N AlkþRALK ¼ 2488, N WþRW ¼ 1136, N RA ¼ 458, N HLA ¼ 973. For each trial, we also recorded the group's latency to give their first call. All groups responded with calls to the playback stimuli. Finally, we measured the time spent in 'alert' by the group, defined as when more than five alarm units or calls (Alk, W, RAlk, RW or RA) were produced over 30 s.
For the males, we measured the total duration of each call bout (time between the first and last calls); when a male did not call, a call bout duration equal to zero was attributed. Finally, we measured the latency to give the first call. In some trials (N ¼ 7), the male did not call, in which case we assigned a dummy latency of 128.8 s, corresponding to twice the maximum observed latency to call for all males.
(e) Statistical analysis
We considered each playback as an independent event. Among the 52 playback trials performed, 10 were excluded owing to equipment failure or because of early detection of the experimenters or the equipment, which generated a final sample size of
We tested the impact of both the origin of the 'Krak' part of calls (taken either from a 'Krak' or from a 'Krak-oo' call) and the presence of an 'oo' suffix in the calls, for each variable described. To this end, we used a generalised linear mixed model (GLMM) with a Poisson distribution and a log link or a linear mixed model (LMM) with a Gaussian distribution and an identity link, using the glmer( ) and the lmer( ) functions from the 'lme4' R package, respectively. We systematically used GLMMs to analyse the number of calls produced, and LMMs to analyse the duration of calling and alert as well as the latency to give the first call (separately for the adult male and the rest of the group).
For both GLMM and LMM, we included the origin of the 'Krak' stem (i.e. taken from a natural 'Krak' or from a 'Krak-oo' call) and the presence of an 'oo' suffix as crossed fixed factors. The identity of the Campbell's monkey call producer was entered as a random factor (two males). Then, we performed an analysis of variance (ANOVA), using the ANOVA( ) function from the 'car' R package, running type II Wald x 2 -tests to study the effect of the fixed factors.
In some analyses, both the origin of the 'Krak' stem and the presence of the suffix had a significant impact. To compare the relative influence of these two factors, we carried out two additional GLMMs (distribution: Poisson, link: log) and LMMs (distribution: Gaussian, link: identity), using the glmer( ) and lmer( ) functions of the 'lme4' R package. All models included caller identity as a random factor but only one of the two possible fixed factors: either the origin of 'Krak' stem or the presence of suffix. We then compared the respective corrected AICc for both models and considered the one with the lower AICc to be significantly more accurate, provided the absolute value of the difference between the two AICc (i.e. jD(AICc)j) was greater than two [70, 71] . All statistical tests were computed with R v. 3.0.2. Data accessibility. The dataset supporting this article can be downloaded from the University of Rennes 1, Home document repository: https://ecm.univ-rennes1.fr/nuxeo/nxdoc/default/1b1b9b09-5dea-48d4-a071-ec236297db27/view_documents. All statistical tests were computed using the R software which can be downloaded at http://cran.r-project.org/bin/windows/base/.
